Proteins often function as multimeric complexes in cellular processes such as signal transduction and ion transport. Many well-established techniques exist to determine the structure and composition of protein complexes in their isolated forms in vitro, yet it is challenging to measure the stoichiometry of functional complexes in living cells.
Fluorescence resonance energy transfer (FRET) microscopy has been proven to be applicable in determining the composition of ligand-receptor complexes as well as spatial distribution of protein complexes in living cells. 1, 2 However, FRET based techniques require the donor and acceptor labels to be within two times of Förster radius (~10 nm), limiting their applications to analysing only small protein complexes in vivo. Recently two colour fluorescence fluctuation spectroscopy (FFS) has been adapted to determine the stoichiometry of protein heterocomplexes in living cells. [3] [4] [5] Single molecule two colour fluorescence coincidence detection (TCCD) has also been used to measure the stoichiometry of T-cell receptors. 6 For homo-oligomeric protein complexes, a more general and direct method is preferable. It is fairly straightforward to measure the stoichiometry of fluorophore-labelled small protein complexes in vitro by fluorescence imaging by either EMCCD camera or confocal scanning and counting the number of steps in photobleaching traces of individual immobilised complexes owing to the high signal to noise ratio (SNR). [7] [8] [9] However, it is difficult to identify stepwise photobleaching events from single molecule fluorescence imaging in living cells because of a stronger, heterogenous background from celluar autofluorescence. Nevertheless, total internal reflection fluorescence (TIRF) microscopy, which has much lower background in comparison to the normal widefield fluorescence microscopy, has been successfully applied to measure the number of stators in single functioning bacterial flagellar motors by Leake and coworkers. 10 Here we report a more general method based on wide-field fluorescence imaging of single molecule photobleaching and Chung-Kennedy algorithm 11 to measure the stoichiometry of functional membrane protein complexes in living bacterial cells. We show that single fluorophore sensitivity can be achieved under normal epi-illumination conditions. Our proposed methodology deals with the difficulty of measuring stoichiometry of protein complexes in living cells in three distinctive steps. During the first step, an edgepreserving non-linear digital filter based on Chung-Kennedy algorithm is applied to the photobleaching intensity trace in order to effectively discard additive Gaussian-like noise. The output of this filter is a smoother and clearer signal, with an improved SNR. This signal is subsequently used to calculate the PDDF (Pairwise Difference Distribution Function) and its power spectrum. 10 Finally, peaks in the power spectrum are detected and the number of steps present in the original photobleaching trace is determined.
To test the effectiveness of our approach, we first apply it to a simulated photobleaching trace which is generated by assuming random stepwise photobleaching of monomers in an oligomer. This means that the photobleaching time for individual steps would be exponentially distributed. Three times the statistical noise is added to the trace to account for the worst noise case. As shown in Fig. 1 , stepwise bleaching is clearly visible after data filtering and the derived step size of 102 ± 4 from the power spectrum is in good agreement with the preset value of 100. We then use this approach to analyse stoichiometry of PspA protein complexes in E. coli cells. PspA is an extrinsic plasma membrane protein, binding to the cytoplasmic surface. It is (at least) a bi-functional protein that controls proton leakage accoss the membrane under stress conditions, 12 but is also known to represses the activity of the PspF transcriptional activator by binding to it. [13] [14] [15] While PspA has been shown to exist in at least two oligomeric states in vitro, low order ( probably a 6-mer) and high order (36-mer) oligomers, 12, 13, 16 the stoichiometry of the functional PspA complexes in vivo is undetermined. This information is required to understand the mechanism of this bacterial stress response at the molecular level. A current model based on in vitro data proposes that a low-order oligomeric state of PspA is associated with its function as a transcriptional regulator and a high-order state with its effector function in membrane stress. We previously showed that stable and functional GFPtagged PspA localises at cell poles and also in mobile lateral complexes. 17 The static polar complexes were correlated to a PspA regulatory function and the lateral complexes with PspA effector function. 17 Samples for imaging were prepared by culturing cells of the strain above 17 in M63 medium with glucose (0.4%) and ampicillin (100 μg/ml) to mid-exponential phase at 30 °C where GFP-PspA is expressed at physiological levels by leaky expression from a pBAD plasmid. A drop of the culture was then placed on a polylysine treated glass coverslip which was placed directly onto the microscope stage. Most non-adherent cells were washed off by pipetting off the drop of culture and re-wetting the sample with fresh media. The microscope was a custom-built inverted epifluoresence microscope. Excitation was achived with the 488 nm line of an argon ion laser (35LAP321-230, Melles Griot, USA) and the emission signal was collected using a EMCCD camera (Coolview EM 1000, Photonic Sciences, UK). The emission signal was selected using a 505DRLP dichroic mirror and 535AF45 bandpass filter (Omega Optical Filters, USA). Photobleaching was achieved by continuous excitation of the sample. The camera was set to collect 1000 500 × 500 pixel frames at a rate of 25 frames/s to obtain a photobleaching sequence. The power of the excitation beam before entering the microscope was ~ 3 mW and the field of view was approximately 40 µm × 40 µm.
As shown in the inset of Fig. 2A , square regions of interest (typically 8 × 8 pixels) were drawn around immobile spots. The intergrated pixel values within of each region was recorded for successive frames to produce photobleaching traces. The photobleaching step size for each trace was determined as stated above. The number of fluorophores present in each spot was then calculated as the quotient of the background-subtracted initial fluorescence intensity and the photobleaching step.
127 traces were obtained and analysed. The majority of these were from static foci within the polar region. One example is shown as Fig. 2A . The distribution of step sizes obtained from the traces is shown in the inset of Fig. 2B . The mean photobleaching step size is ~ 2500 counts. The distribution of stoichiometry of 127 PspA complexes is shown in Fig. 3 . The distribution best fits a 4-parameter Burr function (see supporting information). The distribution peaks at 6.3 with FWHM of 5.6. This peak stoichiometry of GFPs per spot corresponds well to the gel filtration data from Joly et al. 13 where six subunits of PspA were bound to the hexameric PspF. The minimum stoichiometry observed was 3 molecules per spot and the maximum was 37. It should be noted that the optical resolution of our imaging system does not allow us to distinguish true GFP-PspA oligomers from clusters of disordered GFP-PspA monomers or indeed a mixture of monomers, dimers and higher-order oligomers in close proximity (i.e. less than the spatial resolution limit). However, the stoichiometric agreement with gel filtration data 13 makes it likely that the immobile PspA does indeed form a complex containing 6 PspA subunits in vivo. The good population of size classes in the histogram (Fig. 3) between 3 and 18 is also indication that the formation of PspA-rich regions of cell membrane may be a dynamic process involving monomeric and other low-order oligomers of PspA. Whether or not these regions contain higher-order oligomers, similar to those seen of the cyanobacterial PspA homolog, VIPP1 The stoichiometry of mobile spots is yet to be determined as this requires implementation of a reliable algorithm which circumvents the varying celluar background in different locations. However, we now have an in vivo method for testing the hypothesis that the oligomeric state of PspA relates to its function as we expect that if this is correct, implementation of the stress regime or indeed removing interacting partners will affect the distribution of GFP-PspA stoichiometries. This study illustrates clearly the effectiveness of this analytical method in determining in-vivo stoichiometry of proteins in the bacterial membrane, as well as the care which must be taken in interpreting the results. A comparison of this work to other similar studies 19, 20 shows that the stoichiometries obtained must be interpreted in the context of membrane compartmentalisation and the a priori biochemical and biological knowledge of the proteins in question. Because our method uses epi-illumination, it is not limited to study the membrane protein alone, it should be capable of analysing stoichiometry of protein complexes inside living cells, for example in the bacterial nucleoid or nuclei of eukaryotic cells. We also expect that super-resolution fluorescence imaging techniques such as PALM (photoactivated localisation microscopy) or STORM (stochastic optical reconstruction microscopy 21 ) may provide further alternatives to measure the stoichiomtery of immobile protein complexes in living cells since the numbers and positions of individual subunits labelled by photoswitchable fluorescence protein or dyes at a given location can be precisely determined.
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